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Ca-P-O films were prepared by MOCVD using Ca(dpm)2 and (C6H5O)3PO precursors. The crystal phase changed with changing
deposition conditions of substrate temperature (Tsub), total pressure (Ptot) and molar ratio of Ca and P precursors (RCa/P). -tricalcium phosphate
(-Ca3(PO4)2) in a single phase was obtained at Tsub ¼ 973K, RCa/P < 0:3 and Tsub ¼ 1073K, RCa/P ¼ 0:1 to 0.5. Hydroxyapatite
(Ca10(PO4)6(OH)2) in a single phase was first prepared by MOCVD at Tsub ¼ 973K, RCa/P ¼ 0:5 and Tsub ¼ 1073K, RCa/P ¼ 0:8 to 1. The
maximum deposition rate of -TCP and HAp films in a single phase were 6.0 and 4.0 nm s1 at Ptot ¼ 0:8 kPa and Tsub ¼ 1073K,
respectively. [doi:10.2320/matertrans.MRA2007145]
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1. Introduction
Titanium and its alloy have been widely used as artificial
implants in a medical field because of their good biocompat-
ibility and mechanical properties.1,2) It is known that the
reproduction of bones on Ti implants can be promoted by
bioceramic coatings such as hydroxyapatite (HAp,
Ca10(PO4)6(OH)2), -tricalcium phosphate (-TCP, -
Ca3(PO4)2), -tricalcium phosphate (-TCP, -Ca3(PO4)2)
and calcium titanate (CaTiO3).
3) Many studies on these
coatings by sputtering,4,5) sol-gel,6,7) plasma spray deposi-
tion,8,9) have been conducted to improve the biocompatibility
of Ti substrates.
Although chemical vapor deposition (CVD) is an advanta-
geous coating process due to relatively high deposition rates
with good morphology controllability and well-adherence to
substrates as indicated in TiO2
10) and ZrO2
11) coatings. A few
reports on the preparation of Ca-P-O films by CVD has been
published.12,13) Allen et al. prepared -Ca2P2O7 pyrochlore
film at 1123K using Ca(dpm)2 and P2O5 precursors by a hot-
wall type CVD.12) The pyrochlore films were heat-treated at
1373 to 1623K and then -TCP films were obtained. Darr et
al. prepared fluorine-containing carbonated hydroxyapatite
films by CVD.13) However, detailed deposition conditions
have not been reported in these reports, and no studies have
succeeded to prepare HAp, -TCP and -TCP films in a
single phase.
In this study, Ca-P-O films were prepared by CVD and the
effects of deposition conditions on phases, morphology,
preferred crystal orientation and deposition rate were inves-
tigated.
2. Experimental Procedure
Ca-P-O films were prepared by a vertical cold-wall type
CVD apparatus.14) Ca(dpm)2 (bis-dipivaloylmethanato-cal-
cium) and (C6H5O)3PO (triphenylphosphate) source powders
were heated at 523 to 573 and 493 to 533K, respectively.
Their vapors were carried into the CVD reactor with Ar
carrier gas. O2 gas was separately introduced by using a
double tube nozzle, and mixed with the precursor vapors in a
mixing chamber placed above the substrate holder. The total
gas flow rate (FRtot ¼ FRAr þ FRO2 þ FRsource vapor) was
fixed at 3:33 106 m3 s1. The total pressure (Ptot) in the
CVD reactor was changed from 0.2 to 0.8 kPa. The substrate
temperature (Tsub) was controlled between 873 and 1073K.
Fused quartz glass plates of 10 15 0:5mm were used as
substrates due to the convenience to identify the crystal phase
and to observe the cross-section of films. Furthermore,
alumina plate was used as substrate in the case of peel-off of
film on glass substrate due to the thermal expansion
mismatch.
The deposition conditions are summarized in Table 1. The
crystal structure was analyzed by X-ray diffraction (XRD).
Fourier transform infrared spectroscopy (FT-IR) was em-
ployed to evaluate the O-H bond of HAp. The microstructure
and thickness were examined by scanning electron microsco-
py (SEM). The deposition rate (Rdep) was determined from
the relationship between thickness and deposition time.
3. Results and Discussion
3.1 Crystal structure
Figure 1 shows the relationship between precursor temper-
ature (Tprec) and the evaporation rate of Ca(dpm)2 and
(C6H5O)3PO. The evaporation rates exponentially increased
Table 1 Deposition conditions of Ca-P-O films.
Precursor Temperature, Tprec
Ca(dpm)2 : 533 to 573K
(C6H5O)3PO : 493 to 533K
Total gas flow rate, FRtot : 3:33 106 m3 s1
Carrier Gas : Ar
Ca(dpm)2 : 0:83 106 m3 s1
(C6H5O)3PO : 0:83 106 m3 s1
O2 gas flow rate, FRO2 : 0.17 to 1:5 106 m3 s1
Total pressure, Ptot : 0.2 to 1.0 kPa
Deposition temperature, Tsub : 873 to 1123K
Deposition time : 0.9 ks
Substrate : quartz glass, alumina
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with Tprec. Although the evaporation rate of (C6H5O)3PO was
10 times greater than that of Ca(dpm)2, the precursor molar
ratio of Ca to P (RCa/P) was precisely controlled by changing
the Tprec.
Figure 2 shows X-ray diffraction patterns of Ca-P-O films
prepared at Tsub ¼ 1073K and Ptot ¼ 0:8 kPa. -TCP and
HAp films in a single phase were obtained at RCa/P ¼ 0:24
(Tprec (Ca) = 553K and Tprec (P) = 533K) and 0.84 (Tprec
(Ca) = 563K and Tprec (P) = 513K), respectively. A mix-
ture film of -TCP and HAp was prepared at RCa/P ¼ 0:6.
The HAp phase had a preferred orientation of (002) at
2 ¼ 25:9.
Figure 3 shows the FT-IR spectrum of the HAp film in a
single phase. The adsorption bands due to PO4
3 and O-H
stretching bonds of HAp were observed at 1100 and 3600
cm1, respectively. It is well understood that HAp would lose
an OH group at high temperature, and may transform to
oxyhydroxyapatite (OHAp, Ca10(PO4)6(OH)22xOxx, :
defect, x < 1) or oxyapatite (OAp, Ca10(PO4)6O).
15–18)
OHAp and OAp were often obtained by sputtering and
sintering because of high vacuum atmosphere and high
temperature.4) In this study, the formation of HAp was
confirmed by the O-H stretching bond. The peak intensity of
the O-H bond of HAp was almost the same as that in a HAp
film prepared by a sol-gel method.19,20)
Figure 4 presents a CVD formation diagram of Ca-P-O
films as functions of Tsub and RCa/P at Ptot ¼ 0:8 kPa. At
Tsub ¼ 873K, no calcium phosphate phase was obtained. The
films were a mixture of CaCO3 and CaO at RCa/P < 2 and
CaO in a single phase at RCa/P > 2. At Tsub ¼ 973K, -TCP
and HAp films in a single phase were obtained at RCa/P < 0:3
and 0:5 < RCa/P < 0:6, respectively. The film were a mixture
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Fig. 1 Effect of precursor temperature on the evaporation rate of Ca(dpm)2
and (C6H5O)3PO at PO2 ¼ 0:32 kPa and Ptot ¼ 0:8 kPa.



















Fig. 2 XRD patterns of Ca-P-O films prepared at PO2 ¼ 0:32 kPa,




















Fig. 3 FT-IR spectrum of HAp film prepared at PO2 ¼ 0:32 kPa,































Fig. 4 CVD formation diagram of Ca-P-O films at PO2 ¼ 0:32 kPa and
Ptot ¼ 0:8 kPa.
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mixture of HAp and CaO at 0:6 < RCa/P < 2:1 and were CaO
in a single phase at RCa/P > 2:1. At Tsub ¼ 1073K, -TCP
film in a single phase was obtained at 0:1 < RCa/P < 0:4, and
HAp film in a single phase was obtained at 0:8 < RCa/P <
1:0. At RCa/P < 0:1, the film was a mixture of -TCP and
P2O5. A mixture of -TCP and HAp were prepared at 0:4 <
RCa/P < 0:8. A mixture of HAp and CaO were prepared at
RCa/P > 1:0. In the present study, CaO-rich and P2O5-rich
phase tend to form at low and high Tsub, respectively.
Although stoichiometrical RCa/P in -TCP and HAp are 1.5
and 1.67, respectively, the films in a single phase were
obtained at lower RCa/P. This may be caused by homoge-
neous nucleation in gas atmosphere, incomplete decomposi-
tion of precursor and/or formation of by-product. In the CVD
phase diagram of Ca-Ti-O system, CaTiO3 in a single phase
formed at 0:8 < RCa/Ti < 1:02.
21) The RCa/Ti was lower than
the stoichiometrical ratio of 1 in CaTiO3, consistent with the
results in this study. In addition, CaO-rich and TiO2-rich
phase was reported to be easily formed at low and high Tsub in
Ca-Ti-O system, respectively,21) showing almost same trend
with Ca-P-O system.
3.2 Microstructure
Figure 5 shows the effect of PO2 on the surface morphol-
ogy of Ca-P-O films prepared at Tsub ¼ 1073K, RCa/P ¼ 0:13
(Tprec (Ca) = 543K and Tprec (P) = 533K) and Ptot ¼ 0:8
kPa. Both films were -TCP almost in a single phase
containing a small amount of HAp and showed a (510)
orientation of -TCP. The films had a granular micro-
structure. The grain size was less than 1 mm at PO2 ¼ 0:08 kPa
(Fig. 5(a)) and increased to about 3 mm at PO2 ¼ 0:32 kPa
(Fig. 5(b)). The thickness of the films was 0.4 at
PO2 ¼ 0:08 kPa and 1.8 mm at PO2 ¼ 0:32 kPa. Therefore, it
is suggested that the growth of film was promoted at high PO2
because of enough quantum of oxygen for crystal growth.
Figure 6 depicts the effect of Tsub on the surface and cross-
sectional morphologies of -TCP films in a single phase
prepared at RCa/P ¼ 0:27 (Tprec (Ca) = 583K and Tprec (P) =
583K), Ptot ¼ 0:8 kPa and PO2 ¼ 0:32 kPa. The -TCP film
prepared at Tsub ¼ 973K had a dense microstructure, and the
grain size was about 0.5 mm (Figs. 6(a) and (b)), showing an
orientation of (510). The -TCP film prepared at Tsub ¼
1073K also had a dense granular microstructure. The grain
size was about 2 mm in length (Figs. 6(c) and (d)), showing a
(510) orientation as demonstrated in Fig. 7(a).
Figure 8 depicts the effect of Tsub on the surface and cross-
sectional morphologies of HAp films in a single phase
prepared at Ptot ¼ 0:8 kPa and PO2 ¼ 0:32 kPa. The HAp film
prepared at Tsub ¼ 973K (Tprec (Ca) = 543K and Tprec
(P) = 503K) had a dense and fine microstructure with a
grain size of about 0.2 mm (Figs. 8(a) and (b)). The HAp film
prepared at Tsub ¼ 1073K (Tprec (Ca) = 563K and Tprec
(P) = 513K) had a dense and columnar microstructure with
a coarser grain size of about 1 to 2 mm (Figs. 8(c) and (d)),
while these grains consisted of smaller grains about 0.2 mm in
diameter. With increasing Tsub, the mobility of chemical
species on the substrate surface increased, resulting in the
growth of grain size. Both HAp films had a significant





Fig. 5 Effect of PO2 on the surface morphology of Ca-P-O films prepared










Fig. 6 Effect of Tsub on the surface and cross-sectional morphologies of -
TCP films prepared at PO2 ¼ 0:32 kPa and Ptot ¼ 0:8 kPa. (a), (b)
Tsub ¼ 973K and RCa/P ¼ 0:26, (c), (d) Tsub ¼ 1073K and RCa/P ¼ 0:27.
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Fig. 7 XRD patterns of (510)-orientated -TCP (a) and (002)-orientated
HAp (b) films prepared at Tsub ¼ 1073K, Ptot ¼ 0:8 kPa and PO2 ¼
0:32 kPa.
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In the Ca-Ti-O system, the surface and cross-sectional
morphology of CaTiO3 film changed from dense to columnar
structure with increasing Tsub. The CaTiO3 film having a
cauliflower-like complicated surface morphology and col-
umnar structure showed a good adhesion with substrate.21)
On the other hand, Ca-P-O film showed a dense and smooth
microstructure at any deposition condition. However, Ca-P-O
film with a columnar structure and more complicated surface
morphology may be obtained by further increment of Tsub
and/or concentration of source precursor of Ca and P.
3.3 Deposition rate
Figure 9 depicts the effect of oxygen partial pressure (PO2)
on the deposition rate (Rdep) at Tsub ¼ 1073K, Ptot ¼ 0:8 kPa
and RCa/P ¼ 0:2 (Tprec (Ca) = 543K and Tprec (P) = 533K).
At PO2 < 0:25 kPa, the Rdep increased with increasing PO2 ,
and almost saturated at PO2 > 0:25 kPa. This increment of
Rdep may be caused by the promotion of decomposition of
source precursor by increasing of PO2 . This result suggests
that the driving force of film deposition may be influenced by
not only the supersaturation degree of source precursor but
also the concentration of oxygen.
Figure 10 shows the effect of Ptot on the Rdep of Ca-P-O
films at Tsub ¼ 1073K and RCa/P ¼ 0:2 (Tprec (Ca) = 543K
and Tprec (P) = 533K). The Rdep was almost constant at
Ptot < 0:6 kPa and slightly decreased at Ptot ¼ 0:8 kPa. It is
commonly observed in CVD that the deposition rate
decreases at a high Ptot mainly due to premature chemical
reaction in a gas phase.22)
Figure 11 shows the relationship between Tsub and Rdep at
RCa/P ¼ 0:25 (Tprec (Ca) = 583K and Tprec (P) = 583K) and









Fig. 8 Effect of Tsub on the surface and cross-sectional morphologies of
HAp films prepared at PO2 ¼ 0:32 kPa and Ptot ¼ 0:8 kPa. (a), (b)
Tsub ¼ 973K and RCa/P ¼ 0:55, (c), (d) Tsub ¼ 1073K and RCa/P ¼ 0:84.











































Fig. 9 Effect of PO2 on the deposition rate at Tsub ¼ 1073K and
Ptot ¼ 0:8 kPa (Ca(dpm)2: Tprec ¼ 543K, (C6H5O)3PO: Tprec ¼ 533K).




































Fig. 10 Effect of Ptot on the deposition rate at PO2 ¼ 0:32 kPa and
Tsub ¼ 1073K. (Ca(dpm)2: Tprec ¼ 543K, (C6H5O)3PO: Tprec ¼ 533K).
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Fig. 11 Effect of Tsub on the deposition rate at PO2 ¼ 0:32 kPa and
Ptot ¼ 0:8 kPa. (Ca(dpm)2: Tprec ¼ 543K, (C6H5O)3PO: Tprec ¼ 533K).
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with increasing Tsub, and showed a maximum value of 6.0
and 4.0 nm s1 for -TCP and HAp at Tsub ¼ 1073K, re-
spectively. This Rdep is about 10 times greater than that of
usual sputtering.4) With further increasing of Tsub, the Rdep
slightly increased. It is known that the rate-controlling step in
CVD can be a diffusion-limited process in a high Tsub region
with an activation energy (Ea) of a few kJmol
1 and a
chemical reaction limited process in a low Tsub region with
the Ea of more than several 10 kJmol
1. Since no literature
data on the deposition rate of Ca-P-O films by CVD was
available, our results of CaTiO3
21) and TiO2
10) films by CVD
were compared in Fig. 11. The Rdep of Ca-P-O films showed
almost similar trend as those of CaTiO3 and TiO2 films. The
Ea of CaTiO3 and TiO2 films were 70 and 100 kJmol
1,
implying the rate-controlling step of a chemical reaction. The
Ea of 80 kJmol
1 in the present study can also suggest a
chemical reaction limited process in the low Tsub region.
4. Conclusions
Ca-P-O films were prepared by MOCVD using Ca(dpm)2
and (C6H5O)3PO precursors. At Tsub ¼ 973 to 1073K, -
TCP and HAp films in a single phase were obtained by
controlling mainly RCa/P and Tsub. HAp films had a
significant (002) orientation, and -TCP films showed
(510) orientations at Tsub ¼ 973 and 1073K. The surface of
-TCP and HAp films were dense and granular micro-
structure. The grain size of HAp film (about 0.2 mm) was
much smaller than that of -TCP (2 to 3 mm). The deposition
rate of Ca-P-O films increased with increasing PO2 and Tsub,
and increased with decreasing Ptot. The highest deposition
rate of -TCP film was 6.0 nm s1 and that of HAp film was
4.0 nm s1 at Tsub ¼ 1073K, Ptot ¼ 0:8 kPa and PO2 ¼ 0:32
kPa.
Acknowledgements
This research was partially supported by the Japan Society
for the Promotion of Science (JSPS), Grant-in-Aids for
Scientific Research (B), 18360310, Grant-in-Aids for JSPS
Fellows and the JSPS Asian CORE program ‘‘Interdiscipli-
nary Science of Nanometers’’.
REFERENCES
1) A. Yamamoto, R. Honma and M. Sumita: J. Biomed. Mater. Res. 39
(1998) 331–340.
2) M. Papakyriacou, H. Mayer, C. Pypen, H. Plenk Jr and S. Stanz-
Tschegg: Int. J. Fatigue 22 (2000) 873–886.
3) W. Suchanek and M. Yoshimura: J. Mater. Res. 13 (1998) 94–117.
4) T. Narushima, K. Ueda, T. Goto, H. Masumoto, T. Katsube, H.
Kawamura, C. Ouchi and Y. Iguchi: Mater. Trans. 46 (2005) 2246–
2252.
5) K. Yamashita, T. Arashi, K. Kitagaki, S. Yamada and T. Umegaki:
J. Am. Ceram. Soc. 77 (1994) 2401–2407.
6) D.-M. Liu, T. Troczynski and W. J. Tseng: Biomaterials 22 (2001)
1721–1730.
7) W. Wheng: J. Am. Ceram. Soc. 82 (1999) 27–32.
8) H. Ji, C. B. Ponton and P. M. Marquis: J. Mater. Sci.: Mater. Med. 3
(1992) 283–287.
9) I. Baltag, K. Watanabe, H. Kusakari, N. Taguchi, O. Miyakawa, M.
Kobayashi and N. Ito: J. Biomed. Mater. Res. 53 (2000) 76–85.
10) R. Tu and T. Goto: Mater. Sci. Forum. 475–479 (2005) 1219–1222.
11) T. Kimura and T. Goto: Mater. Trans. 44 (2003) 421–424.
12) G. C. Allen, E. Ciliberto, I. Fragala and G. Spoto: Nucl. Instrum.
Methods Phys. Res. B 116 (1996) 457–460.
13) J. A. Darr, Z. X. Guo, V. Raman, M. Bououdina and I. U. Rehman:
Chem. Commun. 6 (2004) 696–697.
14) R. Tu, T. Kimura and T. Goto: Mater. Trans. 43 (2002) 2354–2356.
15) T. Kijima and M. Tsutsumi: J. Am. Ceram. Soc. 62 (1979) 455–460.
16) G. R. Fischer, P. Bardhan and J. E. Geiger: J. Mater. Sci. Lett. 2 (1983)
577–578.
17) J. Zhou, X. Zhang, J. Chen, S. Zeng and K. De Groot: J. Mater. Sci.:
Mater. Med. 4 (1993) 83–85.
18) P. E. Wang and T. K. Chaki: J. Mater. Sci.: Mater. Med. 4 (1993) 150–
158.
19) I. Kim and P. N. Kumta: Mater. Sci. Eng. B 111 (2004) 232–236.
20) T. A. Kuriakose, S. N. Kalkura, M. Palanichamy, D. Arivuoli, K.
Dierks, G. Bocelli and C. Betzel: J. Crys. Grow. 263 (2004) 517–523.
21) M. Sato, R. Tu and T. Goto: Mater. Trans. 47 (2006) 1386–1390.
22) C. E. Morosanu: Thin Films by Chemical Vapor Deposition,
(ELSEVIER, 1990), p. 101.
Preparation of Hydroxyapatite and Calcium Phosphate Films by MOCVD 3153
